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An early study by Kitzman et al. (20) found that peak exercise cardiac output (CO) was reduced in HFPEF patients compared with healthy subjects during upright cycle exercise, and this was due primarily to reduced end-diastolic volume (EDV) and stroke volume (SV) despite a marked increase in pulmonary wedge pressure, suggestive of an attenuated FrankStarling mechanism. In contrast, Borlaug et al. (3) and Ennezat et al. (10) recently reported that the change in EDV from rest to peak cycle exercise was similar between HFPEF patients and nonfailure subjects with the similar comorbidities.
Upright cycle exercise increases left ventricular (LV) preload via increased venous return, but it also produces marked increases in heart rate (HR), blood pressure, and contractility because of large increases in sympathetic drive, and these independently impact LV diastolic filling. Lower body negative pressure (LBNP) and rapid saline infusion have been used to assess LV distensibility while minimizing these confounding influences. By decreasing preload by LBNP and increasing it by rapid saline infusion, Arbab-Zadeh et al. (1) demonstrated that LV chamber stiffness was higher in sedentary healthy older individuals compared with younger sedentary subjects. Drazner et al. (9) extended these findings to older patients with HFPEF by showing that, when compared with that of controls, their pulmonary capillary wedge pressure was 56% lower and 47% higher during LBNP and saline infusion, respectively. However, LV volumes were not measured during this study such that LV distensibility could not be assessed.
Passive postural changes by extreme tilt table positioning can noninvasively produce a relatively wide range of alterations in venous return while minimizing the changes in contractility, afterload, and HR that are observed during exercise (30, 37) . Posture-induced changes in preload have been successfully used to evaluate LV distensibility in healthy young and older subjects and in patients with HF due to reduced ejection fraction (EF) (15, 39) . However, this useful technique has not been applied to patients with HFPEF to assess LV volumes and stiffness.
The purpose of this study was to evaluate the LV response to a series of varying preload conditions in elderly patients with HFPEF compared with healthy, age-matched subjects. Our hypothesis was that elderly patients with HFPEF would have reduced changes in EDV and SV as a result of reduced LV distensibility in response to head-up (HUT) and head-down (HDT) tilt.
METHODS
Recruitment, inclusion criteria, patient characteristics, supine resting hemodynamics, neurohormones, quality of life, and expired gas analysis during exercise have previously been described (4, 21, 26 ). The present analysis examines the hemodynamics and LV function responses during serial postural perturbations performed immediately following supine rest. All stages were separated by 15 min of quiet undisturbed reequilibration.
Subjects. As previously described (4, 16, 21, 26) , HFPEF patients had clinical signs and symptoms of HF as defined by an National Health and Nutrition Examination Survey HF clinical score Ն 3 and the criteria of Rich et al. (32) and Schocken et al. (34) with normal resting systolic function (LV EF Ն 50%, and no segmental wall motion abnormalities at rest or during exercise) and no evidence of significant anemia or coronary artery, valvular, infiltrative, pericardial, pulmonary, or renal disease. Patients were recruited by retrospective review of clinic visits and by hospital discharge records at the Wake Forest University Medical Center (Winston-Salem, NC). Of the resultant 573 participants who were initially reviewed and invited for a screening visit, 59 participants met the criteria for HFPEF, had evaluable echocardiograms at supine rest, and agreed to participate.
Control participants were healthy volunteers recruited from the community who were age matched to the HFPEF patients. Controls were screened and excluded if they had any chronic medical illness, any daily prescription medications, current medical complaints, an abnormal physical examination (including blood pressure Ն 140/90 mmHg; abnormal electrocardiogram, abnormal or unevaluable rest and exercise echocardiogram, or abnormal spirometry), or were exercising on a regular basis. After these evaluations, 28 participants were enrolled.
Protocol overview. The study protocol was approved by the Wake Forest University Institutional Review Board, and written consent was obtained from all participants. Participants reported to the echocardiography laboratory in the morning and were evaluated in the postabsorptive state, having all cardioactive medications and caffeine withheld since the prior evening as previously described (21) . Patients with HFPEF were studied as ambulatory outpatients and had been well compensated for at least 6 wk. All outcomes analyses were performed by individuals blinded to participant group as well as clinical information.
Orthostatic gravitional change. Passive changes in posture were achieved via a motorized tilt table (LaBerne, Charleston, SC). Participants were evaluated at three postures: 1) supine (0°) position following 15 min under quiet, low-light conditions; 2) 45°HUT following a 15-min equilibration period; and 3) 45°HDT following a 15-min equilibration period. Continuous electrocardiographic HR and periodic noninvasive blood pressures were obtained.
Echocardiography. At each postural condition, subsequent to the equilibration period, transthoracic echocardiographic evaluation of LV volumes and pulsed-wave Doppler variables were measured. Two-dimensional echocardiogram recordings were performed by a registered cardiac sonographer as previously described using a Sonos 5500 ultrasound imaging system (Hewlett-Packard, Palo Alto, CA) with a multiple frequency transducer (12, 21) . Slight left lateral decubitus tilt was used to optimize acoustic windows, and the apical views were obtained to give particular attention to optimize endocardial visualization and to avoid artifactual foreshortening of the LV apex. Adequate acoustic windows were available in 48 of the 59 participants with HFPEF and 25 of the 28 age-matched controls. At supine rest, standard two-dimensional images were obtained in the parasternal long and short axes, as well as in the apical four-and two-chamber views. Several seconds of real-time imaging of the best four-chamber apical views at end expiration were acquired. In addition, optimized pulsed-wave Doppler tracings of mitral valve inflow velocity were recorded over at least three cardiac cycles at the lateral leaflet tips (22, 41) . Images were repeated, except for the parasternal views, HDT and HUT.
Echocardiographic images were later analyzed by tracing of endocardial borders for two to three optimal cardiac cycles on a dedicated digital echocardiography workstation by a sonographer unaware of the patient identity or participant group. LV EDV and end-systolic volume (ESV) were calculated using the single-plane ellipsoid apical four-chamber area-length method (33) . SV, EF, and CO were derived from standard equations (SV ϭ EDV Ϫ ESV; EF ϭ SV/EDV; CO ϭ HR ϫ SV).
Two-dimensional resting echocardiographic volume measurements of EDV have been validated in our laboratory against EDV derived from radionuclide angiography (Fick equation derived SV/radionuclide angiographic EF) in 14 healthy subjects ranging in age from 22 to 73 yr. Image analysis was blinded to the identity of the subject. Mean EDV by echocardiography was 105.9 Ϯ 5.9 and 114.9 Ϯ 7.6 ml by the Fick/RNA method (P ϭ 0.09). Individual patient data were highly correlated (r ϭ 0.82). In addition, echocardiography showed an excellent day-to-day reproducibility (r ϭ 0.88), and intra-and interobserver variability (r ϭ 0.96 and 0.94, respectively) (23, 24) . Derived variables. Mean arterial blood pressure (MAP) was estimated as diastolic blood pressure ϩ pulse pressure/3. Systemic vascular resistance was estimated as MAP/CO.
Statistical analysis. Comparisons between groups for continuous variables were assessed using Student's t-tests, and for categorical variables, a 2 -test was employed. Outcome variables were expressed as means Ϯ SE, adjusted for sex. LV volumes were additionally adjusted for body surface area. General linear models were used to compare variables adjusted for covariates. A P value of Ͻ0.05 was used to determine significance (2-tailed analysis). The relationship between echocardiographic measures of LV volumes/hemodynamics and variations in preload induced by changes in posture was assessed using general linear mixed models, adjusted for sex and body surface area for LV volumes and only for sex for variables not related to body size (35) . All statistical analysis was performed with SAS version 9.1 (Cary, NC).
RESULTS
Participant characteristics. HFPEF patients were age matched to healthy normal controls and had a higher proportion of women (85%) with hypertension (81%), similar to findings reported in the Cardiovascular Health Study (19) and other large population-based studies (Table 1) (36, 40) . At supine rest, HFPEF patients compared with controls had higher EF, septal and posterior wall thickness, trend toward greater LV mass, and increased LV mass-to-EDV ratio (Table 1) . This is consistent with pattern A LV remodeling as described by Gaasch et al.
(11), i.e., normal EDV, normal EF, and increased mass-tovolume ratio. Systolic blood pressure, mean blood pressure, and pulse pressure were increased in HFPEF participants, whereas diastolic blood pressure was similar in both groups. The majority of HFPEF patients had New York Heart Association class II symptoms (63%), and 50% were on diuretics. Twenty-seven percent of patients had an acute decompensation with an acute hospitalization for HF exacerbation and/or IV diuretics for pulmonary edema.
LV volumes and CO at each posture. EDV was reduced in HFPEF compared with controls at each posture: supine (82 Ϯ 3 vs. 104 Ϯ 4 ml, P Ͻ 0.0001), head up (78 Ϯ 3 vs. 91 Ϯ 4 ml, P ϭ 0.01), and head down (86 Ϯ 3 vs. 108 Ϯ 4 ml, P Ͻ 0.0001) (Fig. 1A) .
ESV was also reduced in HFPEF compared with controls at each posture: supine (34 Ϯ 2 vs. 50 Ϯ 2 ml, P ϭ Ͻ.0001), head up (33 Ϯ 2 vs. 46 Ϯ 2 ml, P Ͻ 0.0001), and head down (36 Ϯ 2 vs. 51 Ϯ 2 ml, P Ͻ 0.0001) (Fig. 1B) .
HFPEF also had reduced SV for postures that increased preload: supine (48 Ϯ 2 vs. 55 Ϯ 2 ml; P ϭ 0.01) and HDT (50 Ϯ 2 vs. 57 Ϯ 2 ml; P ϭ 0.01). In contrast, HFPEF patients and controls had similar SV at the head-up posture (45 Ϯ 2 vs. 45 Ϯ 2 ml; P ϭ 0.97) (Fig. 1C) .
HFPEF patients compared with controls had reduced CO in the supine position (3.4 Ϯ 0.1 vs. 4.0 Ϯ 0.2 l/min; P ϭ 0.01); however, they had similar CO at head-up (3.2 Ϯ 0.1 vs. 3.0 Ϯ 0.2 l/min; P ϭ 0.4) and head-down posture (3.3 Ϯ 0.1 vs. 3.6 Ϯ 0.2 l/min; P ϭ 0.1) (Fig. 1D) . 
Percent change in LV volumes and CO in response to
postural change. HFPEF patients compared with controls had reduced percent changes in EDV (Ϫ7 Ϯ 2 vs. Ϫ17 Ϯ 2%; P ϭ 0.003), SV (Ϫ7 Ϯ 3 vs. Ϫ27 Ϯ 2%; P ϭ 0.003), and CO (Ϫ6 Ϯ 4 vs. Ϫ34 Ϯ 4%; P ϭ 0.001) when preload was decreased during the transition from supine to HUT (Fig. 2) . HFPEF patients compared with normal controls also had reduced percent changes in EDV (8 Ϯ 2 vs. 15 Ϯ 2%; P ϭ 0.02), SV (11 Ϯ 3 vs. 21 Ϯ 3%; P ϭ 0.002), and CO (1 Ϯ 4 vs. 12 Ϯ 4%; P ϭ 0.04) when preload was increased during the transition from HUT to HDT. There were no significant intergroup differences in percent change in ESV when preload was reduced during the transition from supine to HUT (Ϫ5 Ϯ 4 vs. Ϫ7 Ϯ 4%; P ϭ 0.3) or when preload was increased during the transition from HUT to HDT (2 Ϯ 3 vs. 5 Ϯ 4%; P ϭ 0.5).
Blood pressure and HR. As expected, there were minimal if any intergroup differences in blood pressure and HR response. HFPEF patients and controls had similar HR at supine, HUT, and HDT positions ( Table 2) . HFPEF patients compared with controls also had similar changes in HR during the transition from supine to head up (0.1 Ϯ 1 vs. Ϫ2 Ϯ 2 beats/min; P ϭ 0.4) and HUT to HDT (Ϫ6 Ϯ 1 vs. Ϫ7 Ϯ 2 beats/min; P ϭ 0.8). HFPEF patients compared with controls had increased systolic blood pressure and MAP at each posture. HFPEF patients and controls had similar changes in systolic blood pressure during the transition from supine to head up (Ϫ4 Ϯ 2 vs. 1 Ϯ 2 mmHg; P ϭ 0.06) and head up to head down (4 Ϯ 2 vs. Ϫ1 Ϯ 2 mmHg; P ϭ 0.1).
Calculated systemic vascular resistance was similar in HFPEF patients and controls at each posture. However, HFPEF patients compared with controls had a reduced change in systemic vascular resistance during the transition from supine to HUT (1 Ϯ 1 vs. 8 Ϯ 2 mmHg·l Ϫ1 ·min
Ϫ1
; P ϭ 0.003) and from HUT to HDT (Ϫ0.03 Ϯ 1 vs. Ϫ5 Ϯ 2 mmHg·l Ϫ1 ·min
; P ϭ 0.02). Pulsed-wave Doppler velocities. Peak early transmitral flow (E) velocity in the supine position was similar between HFPEF patients and controls (76 Ϯ 3 vs. 70 Ϯ 4 cm/s; P ϭ 0.22) and subsequent postures as was the change in peak E velocity between postures (Table 2) . Peak late diastolic transmitral flow (A) velocity was increased in HFPEF patients compared with controls in the supine position (86 Ϯ 4 vs. 69 Ϯ 4 cm/s; P ϭ 0.002) as well as at subsequent postures; however, the change between postures in peak A velocity was similar between groups. The ratio of E-to-A velocity was similar between groups, except for the head-down position. Early deceleration time and isovolumic relaxation time were similar between HFPEF patients and controls at each posture, as were the respective changes in early deceleration time and isovolumic relaxation time between postures.
DISCUSSION
The major new finding of this study is that in response to posture-induced variations in preload, elderly HFPEF patients had a reduced change in EDV compared with healthy agematched controls, suggestive of decreased LV distensibility. This was associated with a blunted SV and CO response. This provides support for the hypothesis that a blunted FrankStarling mechanism may contribute to the pathophysiology of HFPEF (2, 20) .
It has been previously reported that HFPEF patients have reduced EDV and SV response during exercise, suggesting a limited Frank-Starling reserve capacity (22) . However, during exercise, the SV response is a complex interaction between not only preload but also afterload and contractility. In the present study, we evaluated the LV response to a range of preload conditions while minimizing sympathetic-mediated changes in chronotropy, inototropy, and afterload as HR, ESV, EF, systolic blood pressure, and systemic vascular resistance were not different between groups at each posture.
Both absolute and percent change in SV was reduced in response to augmented preload in HFPEF subjects compared with controls. In fact, HFPEF patients had a SV response that was one-third to one-half that of controls during passive changes in posture. In contrast to controls, in HFPEF patients CO remained relatively fixed during passive changes in posture, changing by only 5% or less.
A possible mechanism of the blunted EDV and SV response may be increased LV stiffness. An analysis of the published mean data from Levine's group (1, 9) using LBNP and rapid saline infusion during right heart catheterization reveals that the absolute change in pulmonary capillary wedge pressure with cardiac unloading and loading is 12 and 15 mmHg for healthy sedentary individuals and HFPEF patients, respectively. If we assume that similar LV pressure changes occurred in our study during extremes of posture change between HFPEF and controls, our finding of a blunted EDV response during HUT and HDT suggests that LV chamber stiffness was likely higher in HFPEF than in controls during cardiac (un) loading.
Previously, Nixon et al. (29, 30) found that passive increases (5°HDT) and decreases (LBNP to Ϫ40 mmHg) in preload in healthy elderly men were associated with reduced changes in Limitations. The major limitation of this study is that changes in preload (central venous or left atrial pressure) were not directly measured. However, the perturbations used in the present study are known to reliably produce a wide range of robust changes in preload via venous return and have been successfully used in other studies (29, 37) . Patients and controls were tested under identical conditions and were of similar age and height. Acute variations in intravascular volume have been reported to proportionally change peak E velocity in the healthy young or elderly, individuals with LV hypertrophy, and systolic heart failure patients (5, 8, 17, 18, 21, 28, 38) . We observed that HFPEF patients and controls had similar peak E velocity at each posture as well as a similar magnitude of change in peak E velocity with posture, consistent with results reported by Downes et al. (8) and Nishimura and associates (28) , indicative of a similar range of left atrial to LV pressure gradients between groups, suggesting that the magnitude of change in preload with postural change in HFPEF was not less than that in controls.
Maurer et al. (27) reported that HFPEF patients may have increased plasma volume. If so, then the HFPEF patients would have a greater stimulus for EDV augmentation. Regardless, despite at least a similar stimulus to EDV augmentation, we observed that EDV was reduced in HFPEF patients compared with controls at all postures, even when accounting for sex and body surface area. Moreover, HFPEF patients had reduced percent changes in EDV with each postural stress as well as a blunted linear increase in EDV in response to postures associated with increasing preload, suggestive that decreased LV distensibility was independent of baseline differences in EDV. The results regarding LV distensibility were unchanged when analyses were performed adjusting for diuretic use.
Another limitation is that left atrial diameter was measured only at supine rest and that tissue mitral annulus Doppler, an informative index for diastolic dysfunction, was not measured in this study. We also did not perform measures of LV contractility other than ESV and EF. Accordingly, the study was unable to address how changes in these measures during LV loading/unloading may have differed between groups and limited our ability to evaluate their specific contributions to the key findings of the study regarding SV and CO.
Resting systolic and MAPs were mildly increased in HFPEF patients at each posture compared with controls, as would be expected from what is known regarding the epidemiology of this disorder. This could have affected LV stiffness, which in animal models has been shown to increase in response to vasoconstrictors (25) .
Our comorbidities exclusion criteria (anemia, chronic obstructive pulmonary disease, etc.) for HFPEF patients had the potential to reduce generalizability; however, they increase the validity of the inferences regarding LV distensibility given that patients with other medical comorbidities known to be associated with increased passive myocardial stiffness would be excluded (14) . Furthermore, the demographics and the anthropometric measurements of the HFPEF patient group in this study closely match those of other large population-based studies (13, 31) , particularly with respect to EDV, which, although reduced compared with normal controls, falls within the normal range (42) . In comparing LV volumes, we statistically adjusted for differences in body surface area between groups in our models; however, the results were unchanged when body size differences were taken into account instead of by indexing LV volumes by body surface area.
Conclusion. When compared with age-matched healthy normal controls, elderly patients with HFPEF have reduced LV distensibility during postural change and resultant blunted SV and CO responses. This provides support for the hypothesis that a blunted Frank-Starling mechanism may contribute to the pathophysiology of this important disorder (2, 20) . 
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